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The time profile of the lasing signal at 391.4 nm emitted by a weakly ionized gas of nitrogen molecules

at low pressure is measured under double excitation with intense femtosecond laser pulses at 800 nm.

An abrupt decrease of the emission occurs at the time of arrival of the second pulse. It is explained

by a transfer of population from ground to first excited ionic level and by a disruption of coherence,

terminating the conditions for lasing in a V-scheme without population inversion.

http://dx.doi.org/10.1364/20. XX. XXXXXX

1. INTRODUCTION

The laser emission from nitrogen gas pumped by an intense fem-
tosecond laser pulse is a fascinating, highly controversial subject
of study. More than 150 publications have been published on
this question over the last few years, yet the origin of the las-
ing is still not settled. When an intense near IR femtosecond
laser pulse irradiates a chamber filled with air or nitrogen gas, an
under-dense plasma column is formed. With a linearly polarized
incident laser pulse of intensity in the range 10'* W/cm? with
central wavelength at 800 nm, the emission from this plasma
along the column axis consists of intense narrow lines at 391.4
or 427.8 nm [1-3], contrasting with the transverse luminescence
from the plasma where these lines are buried in a multilevel
spectrum [4]. These two wavelengths correspond to transitions
between levels B2X."(0) and XZZ{(O, 1) of the singly ionized
nitrogen molecule, where index (b, 1) refers to the vibrational
quantum number. The emission at 391.4 nm appears at low
gas pressure, reaches a peak around 50 mbar and disappears
above 150 mbar, at which pressure the emission at 427.8 nm has
started to appear and persists up to normal pressure [2]. Below
p ~ 100 mbar, the emission at 391.4 nm can be amplified by or-
ders of magnitude by injecting a weak femtosecond seed pulse at
the same wavelength in the plasma column [1, 5]. Amplification
occurs even when the seed pulse is delayed by up to 10 ps, much
longer than the pump pulse duration, showing that electronic
excitation energy is stored in the plasma column, ready to be
delivered. For this reason, the emission process has been called

“cavity free lasing”.

Three scenarios have been proposed to explain the 391.4 nm
lasing: a first scenario assumes that a population inversion is
established by the pump pulse between initial level BZ; (0)
(hereafter denoted B) and final level XZZ;(O) (hereafter X) of the
transition [6-8]. According to this model, this inversion is due
to a fast depletion of population in X level by a pump-induced
transfer to intermediate ionic level A2IT,(2) (hereafter A), due to
a quasi-resonance of the X-A transition with the pump photon
energy. A second model attributes the optical gain to a tran-
sient inversion of rotational population between levels B and
X following pump pulse induced partial alignment of nitrogen
molecules [9, 10]. This amplification scheme does not require
electronic population inversion between B(0) and X(0). Finally, a
third model assumes no electronic nor rotational population in-
version [11, 12]. According to this model, lasing occurs because
of interference between amplitudes of transition probabilities in
a V-scheme arrangement. The scenarios with no electronic pop-
ulation inversion are especially interesting since by upgrading
the photon energy from pump to emission, they offer a venue
for amplifiers in the X-ray or I'-ray domain, where population
inversion is difficult to achieve [13-16]. Note that the second
scenario requires molecules as an active medium while scenario
3 should also function with atoms.

The purpose of this manuscript is to discuss the origin of the
lasing at 391.4 nm, based on a study of the temporal shape of the
laser emission at 391.4 nm following excitation by a sequence of
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two 800 nm pulses. The study is focused on the low pressure
regime (30-50 mbar) where the seed induced amplification is
highest. As will be discussed, the observed strong quenching of
lasing [17-19] is consistent with V-model but cannot be easily
explained by the other scenarios.

2. EXPERIMENTAL SETUP

The principle of the experiments is shown in Figure 1 (a detailed
description of the set-up is given in the Supplementary Material).
The output from a Ti:Sapphire laser emitting pulses at 800 nm at
a repetition rate of 100 Hz with up to 15 m] energy per pulse of
45 fs duration is divided in 4 arms. A pump pulse (1) is sent in a
gas chamber filled with nitrogen at a pressure of 30 mbar and
generates the plasma column. It is followed by a weaker control
pulse (2) at 800 nm of adjustable delay. Pulses (1) and (2) have
a diameter of 15 mm FWHM and are focused with a f=40 cm
lens (L1) into the gas chamber. The energy of the control pulse is
adjusted to obtain maximal quenching (see Figure 2 of Reference
[17]) [20]. For each (1)-(2) delay, the lasing signal at 391.4 nm
emerging from the plasma channel in the direction of the pump
pulse is time resolved by mixing it in a nonlinear S-Barium
Borate (BBO) crystal with pulse (4) and measuring the resulting
sum frequency spectrum around 261 nm as a function of delay
(1)-(4) with a high resolution spectrograph. The experiments are
performed in the absence (Figure 2) and in the presence (Figure
3) of an orthogonally polarized seed pulse at 391 nm (3) injected
about 300 fs after the pump pulse (1). The 300 fs pump/seed
delay optimizes the lasing signal at 391.4 nm for this pump/seed
polarization configuration.

Selection of
391.4 nm lasin
(1) Gas g

Chamber DMA1 DM2

(4)
Generation and detection
of SFG around 261 nm

Generation and operation
of 391.4 nm lasing

Fig. 1. Simplified experimental setup. 800 nm pump pulse
(1), 800 nm control pulse (2) and 391 nm seed pulse (3) are
collinearly recombined and focused with lens L1 in a gas
chamber filled with nitrogen gas. Pump pulse (1) forms a
plasma column where seed pulse (3) can be efficiently am-
plified while control pulse (2) serves to obliterate the lasing
process. Dichroic mirror DM1 serves to filter the 800 nm laser
emission and to transmit the amplified 391.4 nm lasing sig-
nal. It is recombined by another dichroic mirror DM2 with
scan pulse (4) at 800 nm. They are focused in a BBO crystal by
lens L2 where Sum Frequency Generation (SFG) process takes
place. All the emission except SFG around 261 nm is cut by
interference filter IF. SFG signal is finally recorded by detection
system D consisting in a spectrograph and associated CCD
camera (for more details see Supplementary Material).

3. RESULTS

Let us consider first the case without external seed. In the ab-
sence of a control pulse (Figure 2a and black curve in Figure 2d),
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Fig. 2. Time-resolved lasing emission at 391.4 nm obtained
with different pump/control delays in the absence of an exter-
nal seed. Nitrogen gas pressure is 30 mbar, pump and control
pulse energies are 2.1 mJ and 1.2 mJ respectively. a) Spectro-
gram recorded without control pulse. b) Spectrogram recorded
with control pulse delayed by 5 ps. c) Spectrogram recorded
with control pulse delayed by 6 ps. d) Wavelength integrated
lasing signal for pump /control delays as indicated in the leg-
end. Delays (1)-(2) are labelled negative to emphasize that
control pulse (2) arrives after pump pulse (1).

the lasing starts after 3-4 ps, reaches a peak around 6 ps and per-
sists beyond 15 ps. We also note the appearance of sharp peaks
at 8, 12 and (less resolved) 4 ps. The period of these peaks cor-
responds exactly to the period of rotation of ionized molecules
in level B [21, 22]. When the control pulse is injected, an abrupt
decrease of the lasing emission occurs (Figure 2b, ¢ and d). The
instant of suppression corresponds to the delay (1)-(2) between
pump and control pulses. The same suppression effect occurs
in the presence of a seed pulse (Figures 3 and 4). The main
difference between Figures 2 and 3 is the shorter duration of the
more intense lasing signal obtained with external seed, which
now reaches its peak after ~ 2 ps [5]. Finally, Figure 5 shows the
spectrum of the 391.4 nm emission obtained in the absence of
external seed with a control pulse delay of 4.5 ps.

4. DISCUSSION

We now discuss these results by successively adopting the three
different models. They exclude in our view the population
inversion model. With a pump pulse of 1-2 m] energy, we are in
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Fig. 3. Time-resolved lasing emission at 391.4 nm obtained
with different pump/control delays in the presence of an ex-
ternal seed. Seed pulse (3) is injected ~300 fs after pump pulse
(1). Nitrogen gas pressure is 30 mbar, pump and control pulse
energies are 1.4 mJ and 0.8 m] respectively. a) Spectrogram
recorded without control pulse. b) Spectrogram recorded with
control pulse delayed by 2 ps. The signal at 263 nm (shown by
ared arrow) is a measurement artifact. It corresponds to a 2nd
harmonic component generated in the BBO crystal and up-
converted by the scan pulse (4). c) Spectrogram recorded with
control pulse delayed by 3 ps. Spurious signal at 263 nm is
not clearly observed because the stronger signal at 261 nm re-
quires less integration time for the detection. d) Wavelength in-
tegrated temporal profile of 391.4 nm lasing for pump/control
delays as indicated in the legend.

a situation where gain is not saturated, as shown in Figure S2 of
the supplementary material. This means that an increase of the
pump pulse intensity, or alternatively injection of an additional
pulse at 800 nm in the immediate wake of the pump pulse,
should further increase population inversion and consequently
lead to an increase of the lasing signal. Figures 2 and 3 show
the opposite effect: instead of an increase, there is an abrupt and
near total suppression of the lasing emission.

The second model predicts narrow gain windows occurring
when inversion of rotation population between B and X ions is
accomplished. The appearance of sharp peaks in the emission
profile is in principle compatible with this model. However,
according to Reference [9], their appearance period should not
correspond exactly to the period of revival of N;” molecules in B
state, as observed in Figure 2. Also, the continuous component

of the lasing at other delays is not explained, nor the suppression
of the lasing signal by a control pulse.

The third model accounts well for the results. As discussed
in References [11] and [12], a large amplification can occur in
the presence of long-lived coherent polarizations X-B and X-A
coupling B to A via X in a V-scheme arrangement. Amplifi-
cation requires population inversion between B and A but no
inversion of population between B and X. Simulations based on
Maxwell-Bloch equations yield a delay for the appearance of the
amplified signal, in agreement with the experiments [5, 11, 23].
Note that the sharp peaks are not reproduced in the simulations
because the model does not include the formation of coherent
rotational wavepackets. The quenching of the lasing signal upon
injection of a control pulse is also explained. As it was the case
in Reference [17] we interpret this observation by the V-scheme
model of laser without population inversion. The new aspect in
the present work is that we also present a simulation of the effect.
This simulation shows that in addition to the population trans-
fer the destruction of the A-X coherence induced by the control
pulse also contributes to the quenching effect. The numerical
simulation consists in four steps: (i) modeling of the Nitrogen
gas ionization and ionic excitation by the pump pulse; (ii) evo-
lution of the 391 nm signal with a A-X coherence maintained
by a post-pulse [24]; (iii) perturbation of plasma by the control
pulse and re-excitation of N; ; (iv) evolution of the 391 nm signal
from the re-excited Nitrogen ions (for more simulation details
see Supplementary Materials). The abrupt drop-down of lasing
shown in Figures 2 and 3 is well-reproduced in simulation, as
shown in Figure 4.
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Fig. 4. Comparison of measured (green line and circles) and
calculated (pink curve) temporal profiles of lasing at 391.4 nm,
quenched by a 3 ps delayed 800 nm control pulse. Experimen-
tal curve is the same as in Figure 3d. In the simulations, the
800 nm pump pulse intensity is 2.6 x 10'* W/cm?, while

the control pulse intensity is 1.0 x 10'* W/cm?. The exter-

nal seed pulse of intensity 2 x 108 W/cm? is injected 300 fs
after the pump pulse. Post-pulse maintaining X-A coherence
in the system is approximated by an exponential function with
6 x 10° W/cm? initial amplitude, 7 ps decay time, detuning
between post-pulse and X-A transition frequencies is 1.1 ps~!
[24]. Gain is calculated along 1 cm plasma column with Nitro-
gen gas pressure of 30 mbar.
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It is interesting to note that a pump/control delay of 4.5 ps
opens a brief time window bounding a revival of a coherent
rotation wavepacket of B molecules. The emission spectrum
around 391.45 nm, shown in Figure 5, corresponds to the P
branch B(J)—X(J+1) of the B-X transition, where ] is the total
angular momentum of a molecule. It can be decomposed into
a narrow line and a broader component. The duration corre-
sponding to the broader component is on the order of 250 fs,
in good agreement with the duration (Full Width at Half Maxi-
mum) of the alignment half-cycle of B molecules [9, 25, 26] while
the narrow component corresponds to a longer-lived emission
from non-aligned molecules. A similar broadening of the R
branch B(J)—X(J-1), is also observed. A detailed study of the
line broadening will be the subject of a forthcoming manuscript.
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Fig. 5. Normalized spectra of self-seeded lasing, P-branch.
Blue curve corresponds to the case when only 800 nm pump
pulse arrives, red curve is recorded with a control pulse re-
tarded by 4.5 ps. Experimental conditions are the same as in
Figure 2. Delay (1)-(2) is labelled negative to emphasize that
control pulse (2) arrives after pump pulse (1)

5. CONCLUSION

To summarize, time-resolved measurements of the emission
profile obtained in a nitrogen gas at low pressure with a sequence
of two 800 nm pump pulses reveal an abrupt cut of the lasing
signal upon arrival of the second pulse. This effect is explained
in the frame of the V-model by a transition from the ground
level XZZ;(O) of the lasing to an intermediate level AZI1,(2) and
by a disruption of the coherences induced by the second pulse,
terminating the condition for amplification np > n4. Based
on these results, we conclude that the important gain observed
at 391.4 nm at low pressure corresponds to an amplification
process without population inversion. We emphasize that this
conclusion is valid for a nitrogen gas at low pressure pumped by
a femtosecond pump pulse centered at 800 nm, of peak intensity
in the range of a few 10'* W/cm?. Tt is possible that other
mechanisms set in at other pump wavelengths, or higher pump
pulse intensities, or higher gas pressures.
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